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Abstract

Many economically important crop species are relatively depauparate in genetic diversity (e.g., soybean,
peanut, tomato). DNA polymorphism within cultivated tomato has been estimated to be low based on
molecular markers. Through mining of more than 148,000 public tomato expressed sequence tags (ESTs)
and full-length cDNAs, we identified 764 EST clusters with potential single nucleotide polymorphisms
(SNPs) among more than 15 tomato lines. By sequencing regions from 53 of these clusters in two to three
lines, we discovered a wealth of nucleotide polymorphism (62 SNPs and 12 indels in 21 Unigenes), resulting
in a verification rate of 27.2% (28 of 103 SNPs predicted in EST clusters were verified). We hypothesize that
five regions with 1.6–13-fold more diversity relative to other tested regions are associated with introgres-
sions from wild relatives. Identifying polymorphic, expressed genes in the tomato genome will be useful for
both tomato improvement and germplasm conservation.

Estimates of intraspecific molecular genetic varia-
tion within cultivated tomato are relatively low.
Mean genetic distance (Nei 1978) among nine
cultivars was approximately 0.003 using RFLPs
(Miller and Tanksley 1990). DNA fragment-based
markers can uniquely identify tomato cultivars
despite high levels of monomorphism and low
polymorphism information content (PIC) values.
About 50% of 129 simple sequence repeat (SSR)
markers developed from expressed sequences were
polymorphic among a geographically broad sam-
ple of 19 tomato cultivars (He et al. 2003). Mean
PIC of the variable markers was 0.37, i.e. for a
given locus there was a 37% probability that two
alleles sampled at random would be different.
Fingerprinting of 521 tomato varieties grown in
Europe using 20 SSRs gave a mean PIC value of
0.40 (Bredemeijer et al. 2002). Among a diverse set

of nine cultivars including Spanish heirloom types,
15.1% of 384 sequence related amplified poly-
morphism (SRAP) fragments were polymorphic
(Ruiz et al. 2005). Only 9.3% of 1092 amplified
fragment length polymorphism (AFLP) bands
were polymorphic among 74 cultivars that
included 23 pre-1970 varieties and 51 modern elite
lines primarily from California (Park et al. 2004).

Single nucleotide polymorphisms (SNPs) pos-
sess desirable properties as molecular markers.
Biallelism makes them easy to score in high-
throughput genotyping assays. At the interspecific
level, highly emphasized in tomato breeding,
SNPs will exhibit less homoplasy than markers
based on fragment-size (Hillis et al. 1996; Alvarez
et al. 2001). SNPs can be used to saturate genetic
maps in plants (Bhattramakki and Rafalski 2001).
Sequencing arbitrary loci in cultivated tomato
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uncovers few SNPs. In a sample of four L. escu-
lentum var. esculentum cultivars (two heirloom and
two modern types), only one SNP was discovered
in approximately 7 kb of sequence (Nesbitt and
Tanksley 2002). Bioinformatic prediction can
increase the efficiency of SNP discovery. By mining
tomato ESTs Yang et al. (2004) verified SNPs in
24 of 33 tested unigenes (72.7%) and estimated an
average of 1.79 SNPs per polymorphic EST.

We have developed a data mining pipeline in
PERL that screens an entire National Center for
Biotechnology Information (NCBI) Unigene set
(Wheeler et al. 2004) and provides an annotated
list of predicted SNPs and PCR primers flanking
them (Baldo et al. 2004, Huntley et al. in prep).
Our pipeline subclusters and aligns each Unigene
using the SEAN SNP Prediction and Display
Program (Huntley 2003). The consensus sequence
of each subcluster was annotated using BLASTn
against sequences of mapped markers in tomato
from the Solanaceae Genomics Network (SGN)
(Mueller et al. 2004). SEAN, in turn, invokes
Phrap (Green 2004). SEAN applies criteria de-
signed to screen out potential sequencing errors
(Picoult-Newberg et al. 1999). For a SNP to be
called, there must be complete consensus among
the alignment for seven nucleotides upstream of
the SNP and seven downstream. Each SNP must
be represented in at least two sequences. Using this
method we identified 2527 potential SNPs among
764 EST clusters from the NCBI tomato Unigene
set.

Using the SEAN display package, predicted
polymorphisms were visually inspected within the
context of lines and clones in which they were
identified. Clusters interpreted to be redundant
with the Yang et al. (2004) verified set based on
their representative EST sequences were elimi-
nated, then PCR primers were designed to amplify
regions of predicted SNPs within 85 EST clusters.
Eighty-four primer pairs amplified fragments from
genomic DNA that were resequenced in two or
three lines predicted to contain SNPs. Fifty-three
primer pairs gave unambiguous DNA sequence
data indicating whether or not SNPs were detected.
The 31 remaining pairs either gave poor quality
sequence, more than one PCR product, or insuffi-
cient data (line unavailable, or amplicon too large to
reach predicted SNP position by direct sequencing).
A total of 62 SNPs and 12 insertion–deletion
(indel) polymorphisms were verified by two-pass

sequencing within 21 of the 53 (39.6%) EST clus-
ters (Table 1). A total of 31 SNPs were predicted
within cDNAs for the 21 amplicons in Table 1.
The single predicted SNP in amplicon 241_2 was
not confirmed because, it was too close to the
forward primer and an intron prevented confirm-
ing it by the reverse primer. Amplicon 2875_4 was
predicted to contain two SNPs, neither of which
was confirmed. This resulted in 28 cDNA SNPs in
Table 1 that were predicted by SEAN and veri-
fied. Five additional cDNA SNPs reported in
Table 1 were visible in the raw ESTs but not
predicted, yielding a total of 33. In 32 amplicons,
we did not verify any SNPs (72 predicted,
unpublished results). Thirty-six of 84 amplicons
apparently included introns containing 29 of the
62 SNPs plus all indels. Some of the EST cluster
consensus sequences had perfect BLASTn
(Altschul et al. 1990) scores (E-value equal to
zero) against DNA sequences of mapped tomato
markers from SGN (Mueller et al. 2004). In this
way, eight polymorphic regions were virtually
mapped (Table 1).

Population diversity, h, is a measure that per-
mits comparison of nucleotide diversity among
loci and among studies because, it corrects for
number of alleles sampled and size of the
sequenced region. H ¼ S=ðmR 1=iÞ where S equals
the number of segregating sites in the sample, m
equals the size of the sequenced region in nucleo-
tides, and i = 1… (n� 1) with n equal to sample
size (Watterson 1975). DnaSP (Rozas et al. 2003)
was used to estimate h for all sites and also sepa-
rately for untranslated regions (UTRs), exons, and
introns (Table 1). In the present study we assumed
a sample size of two for all loci because we ob-
served a maximum of two haplotypes, and alleles
were sampled to target each haplotype. Non-zero
estimates of h ranged from 0.0015 to 0.0193 when
all sites were included and from 0.0023 to 0.0235
for exons (Table 1).

Discussion

Genetic bottlenecks, founder events, and selection
have contributed to the uniformity of tomato
(Lycopersicon esculentum cv. esculentum) (Miller and
Tanksley 1990). This lack of genetic diversity creates
a challenge for characterizing crop germplasm
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collections and for continued improvement of
cultivars.

The parameter h was estimated to be 0.0019 at
locus TG10 (anonymous genomic sequence on
chromosome 9) and zero at loci fw2.2 5¢ UTR,
Adh2, and TG11 (anonymous genomic sequence
on chromosome 10) in a sample of four L. escu-
lentum var. esculentum cultivars (Nesbitt and
Tanksley 2002), i.e., between zero and 1.9 poly-
morphic sites per kb of sequence.

Our observation of 74 polymorphisms from
resequencing approximately 20 kb (53 amplicons)
in each of two to three tomato lines illustrates the
utility of EST databases for computationally-aided
SNP discovery (Gupta and Rustgi 2004). There are
three notable observations from our results. First,
SNP prediction from ESTs combined with rese-
quencing can provide a wealth of SNPs for DNA
marker development within L. esculentum var. es-
culentum. Theta values for 18 of the sequences in
Table 1 ranged from 1.5 to 7.3 SNPs per kb. These
values were similar to random diversity found
within L. esculentum var. cerasiforme (1.8–5.4
SNPs per kb, Nesbitt and Tanksley 2002). Exons
in Table 1 were generally as polymorphic as UTRs
and introns. This result seems counterintuitive
because, the principle that noncoding regions
evolve more rapidly than coding regions (Hartl
and Clark 1989) has been observed in tomato
(Nesbitt and Tanksley 2002). For functional
sequences evolutionary rates generally vary among
sites (Li 1997). Clustering of SNPs within a gene
has been observed in several plant studies (Huttley
et al. 1997; Kawabe et al. 2000; Délye et al. 2004).
The most parsimonious interpretation of inflated
polymorphism within exons in the present study
reflects the fact that primers were designed to
target a cDNA SNP within a preferentially small
(200–400 bp) amplicon.

Second, these data lend preliminary support to
the hypothesis that genetic variation in domesti-
cated tomato is unevenly distributed, with rare
islands of polymorphism that originated from
introgression (van der Beek et al. 1992). In the
early 1940s, closely related wild species within the
genus Lycopersicon were used as sources of disease
resistance, and provided much of the breeding
germplasm during subsequent decades (Stevens
and Rick 1986). In general, introgression events in
tomato have been documented, but the extent and
persistence of linkage drag are not well known

(van der Beek et al. 1992). Linkage drag associated
with a gene in a self-fertilizing species bred by
backcrossing, such as tomato, has been predicted
to encompass 5 cM in both directions after 20
generations (Young et al. 1988 and references
therein). In two tomato breeding lines, introgres-
sions containing Cf-ECP2 were estimated to be as
large as 26 and 33 cM (Haanstra et al. 1999). Five
of the sequences in Table 1 (2486_1, 2534_1, 437_2,
2325_3, and 220_1) were approximately 1.6–13-
fold more diverse overall and 3.5–15-fold more
diverse in introns relative to the other 18. One of
these highly polymorphic regions, 437_2, contained
9 of the 12 discovered indels. With sample sizes of
n = 2 alleles, we lack statistical power to confirm
that h estimates among loci in Table 1 are signifi-
cantly different from each other. Standard devia-
tions of h are high, approximately equal to h values
themselves (results not shown). However, there
appear to be two classes of polymorphism values
(0.0015–0.0073 vs. 0.0118–0.0193), including results
from introns (0.0011–0.0047 vs. 0.0166 to 0.0169)
in the data. The 0.0015–0.0073 range corresponds
to h estimates that have been observed within
L. esculentum (0.0016–0.0054, Nesbitt and Tanks-
ley 2002). We hypothesize that the five most
polymorphic regions in Table 1 (h = 0.0118 to
0.0193) represent introgressions. Sampled acces-
sions of Rio Grande (PI 303784) and Moneymaker
(PI 286255) were collected in the early 1960s and
are expected to contain fewer introgressions than
modern lines TA496 and E6203. E6203 (synony-
mous with FM6203) contains at least two intro-
gressions in its pedigree (Court Nichols, personal
communication, 2005), Ve on chromosome 9
(Zamir et al. 1993) from Peru Wild (Kawchuk
et al. 1998), and I on the short arm of chromo-
some 11 from L. pimpinellifolium (Ori et al. 1997).
Tobacco Mosaic Virus resistance gene Tm-2a

originated in L. peruvianum (Young et al. 1988),
and line TA496 was developed by introgressing
Tm-2a into E6203 (synonymous with TA209) from
Vendor-Tm2a (Tanksley et al. 1998, Yates et al.
2004). The most polymorphic region (2486_1)
showed five cDNA SNPs that should have directly
resulted from this cross. The second most poly-
morphic region, 2534_1R, perfectly matched COS
marker T0649, which falls within approximately
0.3 cM of RFLP marker TG101 (Tanksley et al.
1992). Introgressed Tm-2a has been mapped within
0.4±0.4 cM of RFLP marker TG101 (Young
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et al. 1988). Region 2534_1F, which is predicted to
be highly polymorphic because of its tight linkage
to 2534_1R, showed evidence of two additional
SNPs and a five bp indel that were not scored
because they fell too far from both primers to
obtain high quality reads. Another hypothesized
introgressed region, 437_2, matched COS marker
T0646, which maps to chromosomes 1 and 10.
Two map positions could indicate that differences
between paralogs were observed. If this were the
case, one paralog amplified preferentially in
TA496 and the other in Rio Grande and Money-
maker, or more likely the paralogs are highly
conserved and were simultaneously amplified. Al-
though there are several clusters of introgressed Cf
disease resistance genes on chromosome 1, known
Cf map locations are not within 50 cM of T0646
(van der Beek et al. 1992; Haanstra et al. 1999,
2000). Sequencing homologs from wild relatives
can address whether the five hypothetically intro-
gressed alleles within TA496 are more closely re-
lated to alleles within wild species than to other L.
esculentum alleles.

Third, SNP confirmation within cDNAs was
‘‘all or none’’. In the 21 EST clusters containing a
verified SNP (Table 1) all other SNPs predicted by
SEAN were verified, and five unpredicted SNPs
that were visible in the ESTs were verified. Sequ-
encing error, clustering of paralogous ESTs, or
within-line heterogeneity may explain why 32 of 53
amplicons (60%) did not confirm predicted SNPs.
Within-line heterogeneity was observed in SSR
and SRAP fingerprinting (Bredemeijer et al. 2002;
He et al. 2003; Ruiz et al. 2005). In examining raw
EST data, tomato lines sometimes appear to be
heterogeneous at polymorphic sites. Additional
sampling within and among lines can address this
hypothesis.

SEAN SNP prediction could possibly be
improved through incorporating additional infor-
mation from ESTs regarding linkage disequilib-
rium (expected to be high within loci), within-line
homozygosity (expected to be high in tomato),
number of EST copies per line and total number of
copies, whether or not a predicted SNP is part of a
‘‘run’’ of identical nucleotides or near the end of a
read (potential sequencing error), quality scores
for trace files, and library and clone source
(potential library and cloning artifacts).

The computational approach briefly introduced
here predicted many additional SNPs (2527 vs.

101) compared to Yang et al. (2004) by utilizing
data from approximately 148,000 (from more
than 15 lines) vs. 138,000 public tomato sequences
(from two lines) and applying a different set of
criteria. The two methods shared some predic-
tions. We did not test 10 EST clusters with pre-
dicted SNPs because, they were already verified
(Yang et al. 2004). We confirmed SNPs in three
clusters reported by Yang et al. (2004) as ‘‘not
verified’’ or ‘‘no enzyme’’ (3284_1, 241_2, 296_1
corresponding to LEOH12, LEOH39, LEOH50)
and in two clusters where Yang et al. (2004)
verified a subset of predicted SNPs (2325_3 and
2534_1 corresponding to LEOH17 and LEOH25).
No predicted SNPs were verified by either study
for two other regions in common (our unpub-
lished results, LEOH24, LEOH51). The SNP
prediction rate over our 6.43 · 106 bp of compu-
tationally analyzed tomato consensus sequences
was 3.93 · 10�4. Empirically we confirmed 28 of
103 predicted SNPs, yielding a transcriptome-
wide estimate of 1.05 · 10�4 SNPs per nucleotide,
i.e., 1 SNP per 9542 nucleotides. Based on rese-
quencing results 28/103 (27.2%) of 2527 SNPs, or
21/85 (24.7%) of 764 EST clusters can be
expected to yield positive results with additional
testing.
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Délye C., Straub C., Michel S. and Le Corre V. 2004. Nucle-

otide variability at the acetyl coenzyme A carboxylase gene

and the signature of herbicide selection in the grass weed

Alopecurus myosuroides (Huds.). Mol. Biol. Evol. 21: 884–

892.

Green P. 2004. Phred, Phrap, Consed. [Online] http://

www.phrap.org/phredphrapconsed.html.

Gupta P.K. and Rustgi S. 2004. Molecular markers from the

transcribed/expressed region of the genome in higher plants.

Funct. Integr. Genomics 4: 139–162.
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